Penicillin (PC) induces convulsions and electrographic epileptiform discharges when applied to the surface of the cerebral cortex (1) . Thus, this compound has been widely used as an epileptogenic agent. Although PC produces alterations in synaptic transmission, i.e., increased excitation (2) and/or decreased inhibition (3), the basic mechanism underlying the action is unknown. Recent investigations (4, 5) have shown possible involvement of non-synaptic mechanisms in the generation of epileptiform activity. In our series of reports (4, 6-8), the ionic mechanisms underlying the epileptiform activity has been investigated using the hippocampal slice preparation excised from the mammalian brain. On the basis of these investigations, we now studied the effect of PC on the hippocampal electrical activity in relation to its interaction with the synaptic activities. Results confirmed the notion that non-synaptic process is involved in the generation of epileptiform activity. Some of these results have been reported in preliminary form elsewhere (9).
MATERIALS AND METHODS
Adult guinea pigs of either sex, weighing 300-500 g, were used. The hippocampal slice (thickness, 400-600 ,um) was prepared by the technique described previously (8). The standard medium had the following composition (mM): NaCI, 124; NaHCO3, 13; KCI, 5; CaCI2, 2.6; KH2PO4, 1.24; MgSO4, 1.3; glucose, 10. The medium was saturated with 97%02 and 3% CO2, and the pH of the medium was kept at 7.3. The temperature of the medium was continuously monitored by an electrically insulated thermistor (diameter, 1.5 mm; length, 3 mm) immersed in the medium as close as possible to the slice. Unless otherwise specified, temperature of the medium was kept at 36'C.
Single rectangular electrical pulses of 50 sec duration were applied to the tract. Recording electrodes for field potentials were glass microelectrodes filled with 0.9% NaCI (electrode resistance, 1-5 MQ). For extra cellular and intracellular single cell recordings, glass microelectrodes, respectively filled with 3 M NaCI (50-100 MQ) or 1.5 M K-citrate (50-200 MS2) were used. Both the field potentials and the intracellular recordings were made from the CA3 pyramidal layer, unless otherwise specified. Detailed methods for measurements of various potential changes are described in the legends of the figures. In high K+ medium (referred to as high-K, hereafter), K+ concentration was raised to 10 mM by adding KCI. In low CI medium (low-CI), NaCI was totally replaced by equivalent amounts of Na-propionate. The final concentration of CI in low-Cl was therefore 10.2 mM. Osmolarity of these solutions was kept constant by varying the concentrations of NaCI.
RESULTS
Electrical activity in the standard medium:
The hippocampus is divided into four areas, i.e., CA1, CA2, CA3 and CA4 histologically.
Because it was practically impossible to define areas of the hippocampus histologically in each slice used, the areas were identified on the basis of electrical responsiveness to mossy fiber stimulation in the standard medium. Namely, in 'CA3', the field potential usually consisted of two main components: firstly, one or two sharp negative deflections; secondly, a slow positive wave of about 20 30 msec duration, the early phase of which was masked by the superimposed negative deflection. Insets in Fig. 3A-1 show these two components schematically. The former reflects monosynaptically evoked action potentials of the pyramidal cells and is analogous to the population spike in vivo, and the latter reflects mainly synaptic potentials such as excitatory postsynaptic potentials (EPSPs) and inhibitory postsy naptic potentials (IPSPs) generated in the pyramidal cells (8). In intracellular recordings from the pyramidal layer, 'CA3' pyramidal cells usually responded to mossy fiber stimulation with a small EPSP followed by an IPSP of 5-10 mV in amplitude and 40-100 msec in duration (see Fig. 1A-1) . The generation of a single action potential on the EPSP was frequently observed.
On the other hand, in 'CA2', the field potential in response to mossy fiber stimu lation was represented by a small positive wave or practically none, and the sharp negative deflection observed in 'CA3' was not observed. In intracellular recordings, 'CA2' neurons responded to mossy fiber stimulation with an I PSP (see Fig. 5A ), and monosynaptic activation of the neuron was never observed. It should be noted, therefore, that these electrophysiologically defined 'CA2' a nd 'CA3' do not necessarily cor respond to histologically identified areas. In the present study, most recordings were made from 'CA3' unless otherwise specified, and several recordings were made also from 'CA2'.
Effects of penicillin on electrical activity of the pyramidal cells: PC at 1.7 mM induced an epileptiform activity of the pyramidal cell in response to mossy fiber stimulation in 49 out of 52 stable intracellular recordings. Figure 1 illustrates typical examples of intracellular recordings of the epileptiform activity induced by PC. The 'CA3' pyramidal cell responded to mossy fiber stimulation with a small EPSP and IPSP in the standard medium (Fig. 1A-1) . When PC at 1.7 mM was applied ( Fig. 1 A-2) , the neuron responded with a slow depolari zation of low amplitude (less than 20 mV) and small but all or none potentials (arrows in A-2) that sporadically grew into much larger spike-like potentials. Such an intra cellular epileptiform activity was manifested as an epileptiform oscillatory wave of 40-100 msec duration in the field potential (see Fig. 1C-5 ).
When the amplitude of the epileptiform oscillatory wave in the field potential was small, its intracellular counterpart consisted of the low amplitude potential shown in Fig. 1A-2 . When the amplitude of the field potential increased in size, its intracellular counterpart consisted of a train of large spikes superimposed on the slow depolarization of about 20-30 mV (Fig. 1 B) .
Time course of the penicillin effect: Figure 1 C shows a typical example of the time course of the change in the duration of the evoked response to mossy fiber stimu lation before, during and after application of PC. As shown in the recording of Fig. 1 C-2 , the first noticeable change in the response was emergence of a negative notch (arrow) on the slow positive component of the original response. The original response became oscillatory with time, and the pyramidal cell started to fire as shown by the appearance of a spiky deflection super imposed on the slow positive wave (C-3, 4). The amplitude of the population spike of the original response (arrow in C-3) remained unchanged during the early stage of perfusion of PC, whereas the amplitude increased by about three times the control with low-CI (see Fig. 3A-1, 3 ). Within two min after the introduction of PC solution, the epilep tiform oscillatory wave was considerably prolonged and accompanied by repetitive spike discharges (C-5, 6). Spike discharges occurred at random latencies in consecutive responses.
After the maximal effect had been attained, the degree of the epileptiform activity under went spontaneous reduction despite con tinuous perfusion of PC, as shown in sequential recordings from C-7 to C-16. This phenomenon was recurrent when PC was perfused for longer periods. The initial part of the response was retained throughout this recurrent reduction of the epileptiform activity. Following washing by the standard medium, the response was gradually restored to the control. However, during recovery, the epileptiform activity repeatedly reappeared for short periods, as shown in the graph of Fig. 1C . The onset and disappearance of these reversions to epileptiform activity occurred abruptly. Such recurrent reduction during perfusion of PC and abrupt reversion during washing of the epileptiform activity were observed in about two-thirds of all the slices.
Effects of temperature on the electrical activity: Low temperature (30°C) suppressed the generation of the epileptiform oscillatory wave in six out of ten slices in which the oscillatory wave developed at 36°C ( Fig. 2A) . When the temperature was raised to 33°C in the slice shown in Fig. 2A , the oscillatory wave was evoked with a long and variable latency, and stimuli of the same intensity frequently failed to evoke the oscillatory wave. The epileptiform activity became progressively strengthened when the temperature was raised to 40°C. Thus, the effect of PC was pronounced in parallel with the rise of temperature within the range from 30°C to 40 °C.
In Fig. 2B -D, the effects of temperature on slices incubated with the standard medium were investigated in the hope of throwing light on the mechanisms by which the epileptogenic action of PC was increased at higher temperatures. Figure 2B shows the field potentials evoked by mossy fiber stimulation at different temperatures in the standard medium. The latency of the popu lation spike became shorter and the number of population spikes increased as the temper ature was raised from 190C to 39'C. Amplitude and duration of the population spike were both greater in relatively low temperatures (22-30°C). This increased amplitude of the population spike in low temperatures might be mainly due to syn chronization of the cellular firings, in view of the single cell recordings from the pyramidal cells. Namely, when the extracellular single cell discharges evoked by mossy fiber stimulation (which might be a source of the population spike in the field potential) were studied at below 30°C, the latencies of single cell discharges in the successive stimuli (0.5 Hz) at a given temperature showed smaller variations in lower temperatures, and, in addition the probability of spike generation was decreased in accordance with the fall of temperature. The change of the slow positive by the change of temperature (25-40°C) in four neurons tested in the standard medium, but in most cases the cellular excitability was affected. Figure 2C illustrates an example of the effect of temperature on the continuous intracellular recording from the pyramidal cell in the standard medium. In normal (36°C) temperature, this neuron recorded from 'CA2'
(seethe first section in RESULTS) responded to mossy fiber stimulation delivered at 1 Hz, consistently, with an IPSP whose amplitude was indicated as the width of the base-line in the trace of membrane potential. The amplitude of the IPSPs recorded on the pen-recorder was checked by simultaneous oscilloscopic recording, and there was no difference in amplitude between the two recordings, although spikes and EPSPs which had much shorter durations were greatly reduced in amplitude. Due to the character istics of the pen-recorder, the stimulus artifact is not shown in the trace. When the temperature was raised to 40°C, the IPSP became progressively smaller, and evoked action potentials appeared. When the temperature was lowered to 27'C, an action potential was not evoked although the IPSPs were no smaller than those at 40°C.
As might be expected from results in Fig.  2C , the amplitudes of the synaptic potentials generated in the pyramidal cell in response to mossy fiber stimulation were temperature dependent, and results for different temper atures are plotted in Fig. 2D . The amplitude of the IPSP measured in the intracellular recording immediately decreased when the temperature was raised over 37°C and lowered below 30°C. On the other hand, the amplitude of the EPSP decreased slightly at temperatures higher than 37'C and gradually decreased at temperatures below 30°C. Total suppression was attained at temperatures under 20°C. Interaction between penicillin -induced epileptiform activity and modified ionic environments: Figure 3A summarizes the modifications of the extracellular field potentials evoked by mossy fiber stimulation which were observed when the ionic com position of the medium was changed (details, see figure legend). Insets in A-1 indicate two main components of the control response, i.e., the slow positive wave (a) and the population spike (b). Note the drastic poten tiation of the PC-induced epileptiform activity by low-Cl (compare A-5 with A-11). This potentiation was often impressive and an example is shown also in Fig. 3C . Figure 3B illustrates observations similar to the findings in Fig. 3A , but here the recording was intracellular. Potential changes recorded in PC solution (B-1) were unaffected by high-K (B-2), but were drastically augmented by low-CI (B-3), and as shown in the same recording, reduction of the evoked response accompanied by gener ation of a far more potentiated spontaneous epileptiform activity was occasionally observed. The potentiation of PC-induced epileptiform activity by low-Cl occurred abruptly. For example the potentiation was accomplished within several seconds in the neuron shown in Fig. 3D . When there was a potentiation of the intracellular potential, the field potential (lower traces) did not yet reveal any configurational change. It should be noted that repetitive neuronal discharges occurred at the point where the potentiation took place (arrow in Fig. 3D) . Figure 3E illustrates changes in spon taneous activity recorded intracellularly from the 'CA2' pyramidal cell in media modified in ionic composition. This neuron generated an IPSP spontaneously in the standard medium (E-1). Such an occurrence was rare in the present study. In high-K, an epileptiform potential (arrow) occurred and mingled with the IPSP (E-2). Effects of PC were similar to those seen with high-K, although the rate of occurrence of the epileptiform potential was greater (E-3). C-an example illustrating the marked potentiation of PC-induced epileptiform activity by low Cl. C-1, in PC 1.7 mM; C-2, in PC plus low-Cl. In C-2, the response was truncated at High-K plus PC further increased the rate of occurrence of the epileptiform potential (E-4). Low-CI induced full-sized solitary spikes (the second arrow in E-5). In the same trace, small but all or none potentials were seen (the first arrow). This may be the fast pre potential or d-spike (10, 11 ), but this finding was not commonly observed in low-CI. In high-K plus low-CI, an epileptiform potential greater than that seen in E-2, 3 and 4 was evoked and was mingled with full-sized solitary spikes (E-6). In low-CI plus PC, the epileptiform potential was further poten tiated and became regenerative (E-7). Interictal-ictal transition: In addition to the epileptiform activity evoked by mossy fiber stimulation, similar spontaneously oc curring potentials were also frequently observed both extra and intra-cellularly in PC solutions (e.g., see Figs. 3E and 4D-1). These events might be considered as akin to the electrographic 'interictal spike' or intra cellular 'paroxysmal depolarization shift' in epileptogenic foci in vivo (2). Although these intracellular and extracellular spontaneous epileptiform potentials usually occurred simul taneously (Fig. 4A , lower trace), they some times occurred independently from each other (Fig. 4A, upper trace) . As shown in Fig. 3E , the rate of occurrence of the spon taneous epileptiform potential was increased by elevating K+ concentration in the medium.
PC-induced epileptiform activity did not develop into self-sustained and regenerative seizure discharges, i.e., electrographic ictal discharges. However, when the concen tration of CI in the medium was reduced, PC often generated clonic relapsing discharges. Examples of such discharges are shown in Fig. 4B. In Fig. 4C , the amplitude and the duration of the epileptiform oscillatory wave in high-K (C-1) was considerably augmented by reduction of Cl-, and in addition, clonic relapsing discharges, each of which had a relatively shorter duration, appeared sub sequently to the original response (C-2). The number of the clonic relapsing discharges ranged from 2 to 5 arbitrarily in successive stimuli during observation of this preparation. This type of response was never evoked in normal CI concentration even when the mossy fiber stimulus was greatly increased. Figure 4D -2 illustrates a similar intensification by low-CI of the spontaneous epileptiform activity produced by PC (Fig. 4D-1) . Both the evoked and the spontaneous clonic relapsing discharges disappeared when the concentration of CI in the medium was restored to normal. The clonic relapsing discharges were seen in about a quarter of the slices which were incubated by low-CI plus PC (1.7 mM) solution. These potentials usually appeared unpredictably and, therefore, it was impossible to elicit them reliably by experimental mani pulations. However, stimuli delivered with a longer (more than 10 sec) interstimulus interval seemed to be more relevant to the occurrence of the clonic relapsing discharges than those delivered with a shorter inter stimulus interval. For example, mossy fiber stimuli delivered at 1 Hz failed to evoke the clonic relapsing discharges (Fig. 4E-1) , whereas the stimulus delivered 10 sec after the last stimulation of Fig. 4E-1 evoked it ( Fig. 4E-2) . The possibility that the clonic relapsing discharges were due to deterioration or injury of cells might be excluded since discharges in such cases showed completely irregular discharge patterns and electrical activity totally ceased, sooner or later, without being restored to the control by washing.
Propagation of epileptiform activity from 'CA3' to 'CA2': As has been described in the first section of RESULTS, the activity in electrically defined 'CA2' evoked by mossy fiber stimulation might be brought about indirectly (polysynaptically) by the mossy fiber volley via the spread of synaptic excitation through the slice, whereas the activity in 'CA3' might be induced directly (monosynaptically) by the mossy fiber volley. Therefore, it was felt useful to observe the effect of PC on the activity in 'CA2' evoked by mossy fiber stimulation in conjunction with the activity in 'CA3', i.e., to observe the seizure propagation over the slice. At the onset of perfusion with low-CI medium, the IPSP in the standard medium (A) was gradually replaced (B) by a slow depolari zation with superimposed small spike-like potentials (arrows in B) which occasionally grew into larger ones. After complete re placement of the medium, the spike-like potential eventually became full-sized (C). D was recorded also in low-CI but just after tetanic stimulation of the mossy fibers (100 Hz, for 10 sec). The response was restored to the original by washing (E). When PC was introduced (F), the IPSP was still present but very small repetitive deflections which had mainly a positive polarity were super imposed on it. As time elapsed, the IPSP became progressively smaller and a slow depolarization on which small as well as large spike-like potentials were superimposed was generated concurrently with the augmented epileptiform field potential in 'CA3' (G). G was recorded about 30 sec after F. When PC attained its maximal epileptogenic effect about 100 sec after the commencement of superfusion with PC, as revealed by the field potential response in 'CA3', mossy fiber stimulation evoked a train of stereotyped burst discharges superimposed on a prolonged depolarization shift (H). The response was restored to the original by washing (I). The sequence of events de scribed above was reproducible in 7 cases out of 10 stable intracellular recordings from 'CA2' cells.
The site of generation of the epileptiform activity: In three preparations, laminar analyses of the field potential evoked by mossy fiber stimulation during perfusions of the standard medium, low-CI and PC solution were performed in both 'CA3' and 'CA2'. Laminar analyses during perfusion with low Cl were undertaken in an attempt to examine the 'sink' for the EPSPs uncontaminated by concurrent IPSPs. The potential profiles in 'CA3' and 'CA2' in the standard medium have been described in detail elsewhere (8). In short, the profile in 'CA3' was composed of a 'sink' at the intermediate portions of the apical dendrites and the corresponding ' source' at the basal dendrites and the somata (Fig. 6A) . The profile in 'CA2' was composed of a 'sink' which spread over the apical dendrites and the corresponding 'source' at the basal dendrites and the somata (Fig. 6B) .
In 'CA3' (Fig. 6A) , when the potentials were measured in low-CI at time 10 msec after the stimulus, the maximum negativity was located at the level of apical dendrites, about 100 ,um from the center of the pyramidal layer, in all three preparations. On the other hand, the profiles obtained in PC solution (potentials measured 40 msec after the stimulus) showed the maximum negativity to be widely distributed over middle and distal portions of the apical dendrites.
In Fig. 6B where the potential profiles in 'CA2' are illustrated, labels that are common to both of A and B are not shown. In low Cl, the maximum negativity in the profile compiled at 20 msec after the stimulation appeared at the apical dendrites 250-350 am remote from the soma. In PC solution, the maximum negativity in the profile at 40 msec after the stimulation was widespread over the middle and distal apical dendrites as in 'CA3'.
To determine whether or not electrical activity in the dentate area located con tiguously to the apical dendrites of the pyramidal cells contributed to the above mentioned potential profiles, the responses to mossy fiber stimulation in the dentate area were studied directly. In Fig. 6C , simul taneous recordings were made from the 'CA3' p yramidal layer (P) and the ending of the granule layer (G). In the standard medium (C-1), the response in G was extremely small, while the concurrent recording from P showed the usual evoked response. When PC was applied, only a slight oscillatory wave was recorded in G concurrently with the 'CA3' epileptiform oscillatory wave, and this slight oscillatory wave disappeared after destruction of the pyramidal layer. I n Fig. 6D , extracellular recordings were made simultaneously in the 'CA3' pyramidal layer (P) and in the granule layer (G) from among the granule cells whose axons (i.e., mossy fibers) were stimulated directly. In the standard medium (D-1), an antidromic population spike was evoked in G. When PC was applied (D-2) , the response in G never developed into an epileptiform activity and even the slight oscillatory wave observed in Fig. 6C-2 was not seen, whereas the response in P developed into a typical epileptiform oscillatory wave. Laminar field potentials in response to mossy fiber stimulation were recorded through an AC-coupled preamplifier with a band-width of about 0.3-250 Hz, averaged five times via a minicomputer, NIHON-KOHDEN ATAC 1200, and recorded on an X-Y recorder. Such potentials were recorded at eight different points at 100 hem intervals along tra jectories orthogonal to the pyramidal layer, i.e., along the long axis of the apical dendrites. The epileptiform oscillatory potential was often generated with variable latencies and the waveform varied during laminar recordings even with stimuli of the same intensity, as might be expected from Fig. 1C . Therefore, potentials were recorded using two electrodes, one for laminar recordings and the other kept on the pyramidal layer during the course of the laminar recording, and available data for compilation of the potential profile were selected from only those cases in which the waveforms recorded by the fixed electrode were identical. An example of a series of eight successive laminar recordings in PC solution is illustrated on the right of the potential profile. At the right of Fig. 6A and B, the pairs of records show simultaneous recordings from the somatic layer (s.) and from the apical dendritic layer (d.). The numerals beside the dendritic regions show the distance in um of the electrode from the layer of pyramidal cell bodies. The times at which response amplitudes were measured to construct the profiles are indicated by upward arrows. As a scale, a pyramidal neuron is schematized at the left of the potential profiles. Abbreviations: b.d., basal dendrite; s., cell soma; m.f., mossy fiber; a.d., apical dendrite; Sch., Schaffer collateral. C and D-simultaneous field potential recordings from the pyramidal layer (P) and the granule layer (G) in response to mossy fiber stimulation. C-1 and D-1, the standard medium. C-2 and D-2, PC 1.7 mM.
DISCUSSION
Even in the non-epileptic state, hip pocampal granule and pyramidal cells in intact preparations often show characteristic burst discharges (12-14) .
A typical neuron will fire a cluster of 2-7 spikes which often show a progressive decrease in size and an increasing interspike interval (1.5-6 msec). However, the pattern of spike discharges in PC solution often differed from the pattern mentioned above (see Fig. 1C ), particularly when the epileptiform activity was weak. The observation in Fig. 1 C that spikes evoked by mossy fiber stimulation in PC solution did not occur at the moment of the population spike, might indicate that the spikes were generated 'ectopically' rather than syn aptically. If the spikes were evoked as a result of increased synaptic excitation, they should coincide with the population spike, as the population spike reflects the synaptic activation of the neuron. The intracellular recording in Fig. 1A-2 suggests that the spikes in such cases may originate from the underlying small spike-like potentials.
Synaptic excitation and epileptiform activity: Paroxysmal epileptiform activity in the hippocampal slice was abolished in a medium with increased Mg2+ and decreased Ca2+ concentrations (5, 15). Therefore, it seems that a certain degree of synaptic excitation of the neuron is essential for the generation of paroxysmal epileptiform activity. However, the present findings suggest that increased synaptic efficiency between the stimulated afferents and the postsynaptic neurons is not a factor essential for the initiation of paroxysmal epileptiform activity, despite the fact that stimulation of the afferent fibers always triggers paroxysmal activity. For example, high-Ca which augmented the synaptic potential did not lead to distinct potentiation of the epileptiform activity and indeed suppressed the oscillation induced by high-K. In addition, epileptiform activity was retained even in low-Ca (see, Fig. 3A-4,  6, 8, 9) .
The above suggestion is also supported by the prolonged intracellular recordings from the 'CA2' pyramidal cell (Fig. 5) . The CA3 neurons send their numerous axon collaterals to the main dendritic branches of CA1 and CA2 apical dendrites (16), and one of these hippocampal association fibers has been shown to be excitatory (17). As shown in Figs. 3A and 6A , activity of the 'CA3' pyramidal cell is markedly potentiated by low-Cl, probably due to liberation from the recurrent inhibitory pathways (18). It seems, therefore, that the evoked response in low-CI in the 'CA2' pyramidal cell (Fig. 513, C ) was brought about secondarily by potent synaptic bombardments from activated 'CA3' pyramidal cells via their axon collaterals. In this case, the 'CA2' cell did not develop an epileptiform burst although there were signs of considerable somatic excitation, as revealed by repetitive full-sized spikes (Fig. 5C) . Thus, potentiation of synaptically induced cellular excitation cannot explain the initiation of the epileptiform activity, although synaptic responsiveness has to be retained for the initiation of this activity. The epileptiform activity seen in 'CA3 after the application of PC seems to have propagated synaptically to 'CA2' via 'CA3' axon collaterals (5) tho ugh why synaptic excitation of 'CA2' via 'CA3' axon collaterals provokes epileptiform activity in PC solution (Fig. 5G, H) but not in low-CI is uncertain. It is speculated that altered postsynaptic dendritic properties in PC solution might be responsible.
Effects of temperature on the electrical activity: PC-induced epileptiform activity was temperature sensitive (Fig. 2A) suggesting the possibility that a metabolic process might be involed. Harvey et al. (19) reported that, rather than the temperature usually employed (36°C), low incubation temperatures such as 25°C are more adequate to maintain the long-term viability of thick slices in vitro, as there is a reduced oxygen requirement. Therefore, at higher temperatures the in creased oxygen consumption may augment the epileptiform activity by inducing a deterioration in the Na-pump and thus a resultant membrane depolarization. As shown in Fig. 2C , the resting membrane potential remained constant at 27-40°C. Also in neurons of the olfactory cortex in vitro, the resting membrane potential was relatively constant over the range 25-38'C (20). Therefore, the above assumption seems untenable. However, the possibility remains that such depolarization occurs at a site remote from the soma and therefore could not be detected by an electrode placed in the soma. The fact that not only the epileptiform activity but also neuronal excitability in the standard medium showed a tendency toward increase when the temperature was raised (Fig. 2B, C) may to some extent explain the increased epileptiform activity at higher temperatures.
Interictal-ictal transition: The basic mecha nism underlying the transition from an interictal focal paroxysm into self-sustained and spreading ictal discharges is unknown. One possible explanation for such electro graphic interictal-ictal transition might be the reduction of recurrent inhibition. Dichter and Spencer (21) observed that the IPSP following the paroxysmal depolarization shift disappeared in the course of interictal-ictal transition in hippocampal pyramidal cells within the PC-induced epileptogenic focus in vivo, and suggested that the spread of the focal electrical paroxysm is restricted spatially and temporally by potent recurrent inhibition of the pyramidal cells in the focus. Therefore, if the above suggestion is valid, a focal paroxysm should tend to develop into a regenerative seizure when CI is removed from the extracellular space of the brain. In a preliminary work (9), we found that epileptiform field potentials were converted by removal of CI into clonic relapsing discharges, a phenomenon completely separate from the 'sustained interictal spikes' shown in Fig. 3E-4 . Furthermore, these changes after the removal of CI from the medium were essentially identical to changes observed at the transitional stage from interictal spikes to seizure in hippocampus in vivo (21). The above phenomenon was also demonstrated in intracellular recordings from the pyramidal cells in the present experi ments. Thus, reduction of inhibitory process in the hippocampus may indeed play a role in the evolution of the focal paroxysm into an ictal event.
Site of generation of the epileptiform activity: Laminar field potential analysis has been extensively used to study instantaneous locations of 'sourses' and 'sinks' for ex tracellular current flow, and hence the sites of neuronal excitation. This method, however, involves theoretical errors, as pointed out by several investigators (22). However, even when the ambiguity of the conventional laminar analysis is taken into consideration, the present finding that the ' sink' for the epileptiform potentials in PC solution appeared at the middle and distal portions of the apical dendrites indicates that the epileptiform activity originates in the apical dendrites remote from the soma. This notion has been postulated in experi mental epileptogenic foci in vivo (23, 24), and is in good agreement with other obser vations in the present study, e.g., an epilepti form activity could be generated relatively independently of the degree of synaptic responsiveness at the somatic or proximal dendritic regions (Figs. 1 C and 3A, E) .
The slow positive component of the response evoked in 'CA3' by mossy fiber stimulation is enlarged when CI is removed, and this mainly reflects enlargement of the EPSP due to reduction of the IPSP (8). Therefore, the potential profile in low-CI in 'CA3' (Fi g. 6A) might have resulted from the extracellular current flow caused by EPSPs generated at synapses between the mossy fibers and pyramidal cells. The finding that the site of the maximal portion of the 'sink' is in good accordance with the location of mossy fiber synapses (25) further supports this idea. The potential profile in low-CI in 'CA2' (Fig . 6B ) may have also been generated as a result of synaptic events triggered by mossy fiber stimulation, possibly via axon collaterals of 'CA3' pyramidal cells. The simultaneous intracellular and extracellular recordings of epileptiform activity made in the present study demonstrate that the epileptiform field potential reflects the intra cellular occurrence of a paroxysmal depolari zation shift. Therefore, the finding that the potential profiles in low-CI differed from those in PC solution indicates that the paroxysmal depolarization shift triggered by synaptic bombardment is not simply an enlargement of the EPSP generated by the mossy fiber-'CA3' pyramidal cell synapses or by the axon collateral of 'CA3' pyramidal cell-'CA2' pyramidal cell synapses. If the paroxysmal depolarization shift is indeed an ' enlarged EPSP', the synapses responsible seem to be located at more distal portions of the apical dendrite.
